We investigated the contributions of neutral and charged silicon self-interstitials to self-and boron diffusion during transient enhanced diffusion in silicon. We simultaneously observed self-and boron diffusion in silicon using nat Si / 28 Si isotope superlattices. A calculation based on diffusion equations involving ͕311͖ defects and boron-interstitial cluster models was employed to reproduce the diffusion profiles in silicon-implanted ͑intrinsic͒ and boron-implanted ͑extrinsic͒ silicon isotope superlattices, followed by annealing. To investigate the diffusion processes, the time evolution of the silicon self-interstitial profiles during the transient diffusion was simulated. The results directly demonstrate that excess neutral self-interstitials dominantly enhance the self-diffusion during the transient process in the intrinsic conditions, while doubly positively charged self-interstitials dominate the self-diffusion in the extrinsic conditions.
I. INTRODUCTION
Boron ͑B͒ implantation and post-annealing processes are widely used for the formation of p-type shallow junctions in silicon ͑Si͒ electronic devices. For precise modeling of the behaviors of B during the formation processes, thorough understanding of the diffusion mechanisms involving the charge states of native point defects and transient enhanced diffusion ͑TED͒ is required. Regarding TED, ͕311͖ selfinterstitial clusters produced by B implantation and annealing are the sources of supersaturated Si self-interstitials ͑I͒, which enhance B diffusion. In addition, B forms electrically inactive and immobile clusters even at concentrations far below the solubility limit under the supersaturation of I caused by ion implantation. TED of B in Si was extensively investigated by experiments [1] [2] [3] [4] and the reliable modeling of B diffusion in Si involving TED and B clustering was published. [5] [6] [7] Regarding the I contribution involving its charge states, first-principles calculations in the thermalequilibrium conditions were reported recently. 8 In such conditions, recent studies revealed the contributions of the neutral, singly, and doubly positive I ͑I 0 , I + , and I 2+ ͒ and showed that I 2+ dominates the self-diffusion in p-type doping conditions from simultaneous observations of dopants and Si using Si isotope multilayers. 9, 10 In order to develop the diffusion model involving I toward more precise process simulators, investigations of the behaviors of the charge states of I are required, especially in the initial diffusion process, where TED occurs and the diffusion takes place in non-equilibrium native defect conditions. The present paper reports the contributions of neutral and charged I to self-and B diffusion during TED. Simultaneous observation of B and Si diffusion in Si isotope superlattices ͑SLs͒ was performed to know how B and Si atoms having the charge states interact. Based on the experimental diffusion profiles, we simulated the time evolution of I 0 , I + , and I 2+ during TED in Si-or B-implanted Si isotope SLs. We show that the I 2+ dominates the self-diffusion in B-implanted SLs, i.e., in the extrinsic conditions. In Si-implanted samples, i.e., without the Fermi level effect, I 0 dominantly enhances the self-diffusion during the transient process. 
II. EXPERIMENT

III. DIFFUSION MODEL
B diffusion in Si is primarily governed by the kick-out mechanism and B diffuses mainly via interstitial B or BI pairs rather than B vacancy ͑V͒ pairs. 15 In addition, the V contribution to Si self-diffusion is negligibly small during TED because the I is supersaturated in over 10 4 . 5, 6 Therefore, we consider only the contribution of I in this study.
The B diffusion mechanism includes substitutional B ͑B s − ͒, interstitial B ͑B i ͒, and I. Regarding the charge state of B i , B isoconcentration diffusion experiments revealed that the B diffusivity is proportional to the B concentration, 16 which shows that the charge difference between B s − and B i is 1. Therefore, we consider only B i 0 for the B diffusion. Regarding the charge states of I, B doping in Si increases the equilibrium concentration of positively charged I due to the Fermi level effect. 9, 10 In order to simulate the diffusion profiles, we basically used the diffusion model involving I 0 and I + as reported before. 6, 7, 17 The recent studies of simultaneous observations of self-and dopant diffusion in Si showed that the I 2+ contribution to self-diffusion is also important for p-type Si. 
where 
where k j ͑j =1-7͒ is the rate constant with f and b denoting forward and backward. For the initial profile of I in the ͕311͖ clusters C c , a "+1" model was used, where the implanted profiles are multiplied by a factor of 1.0. 18 In order to describe TED, we used the following model of the time evolution of ͕311͖ clusters during TED, 6 which is involved in Eqs. ͑9͒ and ͑12͒. TED consists of two time regimes; the evolution is initially governed by Ostwald ripening of ͕311͖ clusters and then by the dissolution of ͕311͖ clusters. The essential parameters for the cluster evolution are the pseudoequilibrium I concentration C I ‫ء‬ , the time dependence rate for cluster growth k 4f =−at + b, and the dissolution rate k 4b . 10 and the sum of them is consistent with the results of the total contribution of I to self-diffusion. 19 In addition, for the total equilibrium concentration of I, we used the values from Ref. 19 . We simulated the diffused B profiles using B diffusivity in thermal-equilibrium conditions. 20 To simulate the simultaneous diffusion of B and Si, Eqs. ͑7͒-͑17͒ were solved numerically by the partial differential equation solver ZOMBIE. 21 In addition, we investigated the excess I in the intrinsic conditions using Si-implanted SLs. In this case, there are no diffusion reactions described in Eqs. ͑1͒-͑3͒. Therefore, G 1 -G 3 and G 8 should be considered as zero and Eqs. ͑9͒-͑16͒ were solved numerically.
IV. RESULTS AND DISCUSSION
A. I 0 contribution in the intrinsic conditions
In order to investigate the behavior of the excess I during TED without the Fermi level effect, we performed Si selfimplantation into the nat Si / 28 Si isotope SL. Figure 1 Fig. 1 , although the concentration of 30 Si in the enriched 28 Si layer was below 0.1%, which corresponds to the concentration of 5 ϫ 10 19 cm −3 . In order to obtain the degree of the smearing, we introduced the mixing roughness information-depth ͑MRI͒ model that includes the parameters of atomic mixing and surface roughness for the theoretical description of the depth resolution function for SIMS profiles. 23 We extracted the parameter values by comparison with the isotopic profiles in the as-grown Si isotope SL by SIMS and a profile that initially has a rectangular shape using the MRI model. Using the MRI parameters, we simulated the diffusion profiles by SIMS as follows: diffusion calculations were started with the rectangular profiles, and then, the MRI analysis was applied to the calculated diffusion profiles to compare with the SIMS profiles. In Fig. 1 , the enhancement of Si self-diffusion is observed at the deeper region ͑Ͼ40 nm͒ during the first 1 h annealing compared with that of the diffusion near the surface, which will be explained later.
We simulated the Si isotope profiles in Fig. 1 based on the diffusion models described in Sec. III and investigated the time evolution of I during this process. The simulated concentration profiles of I during 0-1 h annealing are drawn in Fig. 2 . In the intrinsic conditions, the contribution of I 0 is larger than those of I + and I 2+ . The I 0 concentration has a value of C I ‫ء‬ ϳ 10 14 cm −3 at the initial stage ͑t =1 s͒ with a flat profile in the bulk, whereas the value is going down to the C I eq toward the surface, which enhances the Si selfdiffusion at the deeper region ͑Ͼ40 nm͒ where the excess I is produced by the 28 Si + self-implantation. Although such an I supersaturation gradient between the implanted region and the surface by the measurement using B marker layers was reported, 24 ,25 the present work reports the direct observation of the enhanced Si self-diffusion using Si isotope SLs. We also observed the I supersaturation gradient for annealing at 800°C ͑not shown in figures͒. At 60 s in Fig. 2 , the excess I 0 is decreased to 10 −3 compared with a value at 1 s. As diffusion annealing time increases, the I 0 concentration approaches C I eq . As shown in Fig. 1 , a slower self-diffusion was observed between 1 and 4 h compared with that during 0-1 h, and our simulation shows that C I is close to C I eq for longer annealing times, hence, the Si self-diffusion is in the thermal equilibrium. In conclusion, the excess I 0 mainly enhances the Si self-diffusion during TED at the initial stage in the area deeper than the implanted region.
B. I 2+ contribution in the p-type conditions
In order to investigate the I behavior in the p-type conditions, we implanted 11 14 cm −2 ͒, followed by annealing at 850°C for 1 h. Solid curves in Fig. 3 are simulation results that reproduce our experiments very well. While the depth oscillation of 30 Si is unperturbed before annealing, the annealing broadens its profile with much larger diffusivity than the thermalequilibrium self-diffusivity of Si at 850°C, which we have precisely determined using similar isotope SLs. 26 Furthermore, the 30 Si profile is especially broadened in the region 50-80 nm in depth, from which we quantitatively estimate the degree of excess I. Note that this depth region of 50-80 nm is away from approximately 40 nm, where the B concentration is the highest. Thus, the enhanced diffusion of 30 Si is not predominantly governed by the Fermi level effect. Although it has been shown that the excess I induces the anomalous diffusion of implanted B, [2] [3] [4] this is the direct observation of the enhanced Si self-diffusion in a B-implanted Si.
In Fig. 4 , the simulated concentration profiles of I at 850°C for 5 s and 1 h are drawn with the corresponding B profiles. From the simulation, TED of B is observed within the 1 h annealing. Regarding the I concentrations during TED, I
2+ dominates in the 0-70 nm region at the initial stage ͑t Ͻ 5 s͒, whereas I 0 is still higher in the region deeper than 70 nm from the surface. Our simulation reveals that the high concentration I 2+ and I 0 broaden the 30 Si profile in the shallower and deeper region at the very initial stage, respectively. As annealing time increases, the excess I 0 , I + , and I 2+ are decreased compared with the values at 5 s. Then, the Fermi level effect becomes more remarkable with time because the B s concentration increases by the dissolution of the B clusters. Therefore, the concentration of I 2+ becomes relatively dominant especially near the surface, compared with those of I 0 and I + , that is, the I 2+ dominantly enhances Si selfdiffusion in the high concentration B region.
Furthermore, we simulated the profiles after 4 h annealing. Figures 5͑a͒ and 5͑b͒ show the depth profiles of 30 Si and 11 B after the annealing at 850°C for 4 h, respectively. These SIMS profiles are well reproduced by the simulation using the same set of parameters as for 1 h. In Fig. 5͑c͒ , the simulated I profiles are shown, where I's are almost in the thermal equilibrium. The Fermi level effect is still dominant for 1-4 h annealing, and TED was not observed for the annealing longer than 1 h because the excess I diffuses away from the B region into the Si bulk within 1 h of annealing. However, the concentrations of I are still above the equilibrium values even after 4 h. This is quite contrast to the Is in the Siimplanted samples, where the concentrations of I go down to the equilibrium states for 1 h as shown in Fig. 2 
V. SUMMARY
We presented the contribution of I to the self-and B diffusion in Si during TED. Simultaneous observation of the diffusion in Si-or B-implanted nat Si / 28 Si isotope SLs was performed and the behaviors of neutral and charged I were investigated. A calculation based on the diffusion equations involving ͕311͖ defects and BI cluster models was employed to reproduce the diffusion profiles of Si isotopes. We simulated the time evolution of the I profiles during the transient process to investigate the diffusion processes of Si isotopes in the ion-implanted SLs. The results directly demonstrate that excess I 0 dominantly enhances the self-diffusion during TED in the intrinsic conditions and that I 2+ dominates the self-diffusion in the extrinsic conditions. This simultaneous observation of the self-and B diffusion in Si isotope SLs involving the time evolution of the I 0 , I + , and I 2+ reveals the interactions between B and Si atoms during TED. The details of diffusion interactions between charged B and I into the next generation complementary metal-oxide semiconductor process simulators will be useful for the improvement of the simulation reliability. 
